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Background: The rotator cuff muscles are the main stabilizer of the glenohumeral joint. After total shoulder
arthroplasty using anterior approaches, a dysfunction of the subscapularis muscle has been reported. In the
present paper we tested the hypothesis that a deﬁcient subscapularis following total shoulder arthroplasty
can induce joint instability.
Methods: To test this hypothesis we have developed an EMG-driven musculoskeletal model of the
glenohumeral joint. The model was based on an algorithm that minimizes the difference between measured
and predicted muscular activities, while satisfying the mechanical equilibrium of the glenohumeral joint. A
movement of abduction in the scapular plane was simulated. We compared a normal and deﬁcient
subscapularis. Muscle forces, joint force, contact pattern and humeral head translation were evaluated.
Findings: To satisfy the mechanical equilibrium, a deﬁcient subscapularis induced a decrease of the force of
the infraspinatus muscle. This force decrease was balanced by an increase of the supraspinatus and middle
deltoid. As a consequence, the deﬁcient subscapularis induced an upward migration of the humeral head,
an eccentric contact pattern and higher stress within the cement.
Interpretation: These results conﬁrm the importance of the suscapularis for the long-term stability of total
shoulder arthroplasty.© 2012 Elsevier Ltd. All rights reserved.1. Introduction
After total shoulder arthroplasty (TSA), a dysfunction of the
subscapularis (SC) muscle has been reported to be higher than 60%
(Miller et al., 2003). It is assumed that the SC muscle deﬁciency can
reduce the stability of the joint and the life span of the prosthesis.
The SC muscle is indeed part of the rotator cuff muscles, which are
the main stabilizer of the glenohumeral joint.
Computationalmusculoskeletal models of human joints are increas-
ingly used to analyze normal, pathologic or prosthetic joints. They pre-
dictmuscle and joint forces for a givenmovement, which can be used to
estimate stress within bone, soft tissues and prostheses. Musculoskele-
tal models have to solve the indeterminacy of the mechanical system.
This problem is particularly present for the shoulder, which has a
wide range ofmotion, andmanymuscles. As for other joints, three tech-
niques are used: 1) group muscles to suppress the indeterminacy
(Inman et al., 1944), 2) use inverse dynamics coupledwith optimization
of a cost function (Charlton and Johnson, 2006; Dickerson et al., 2007;
Favre et al., 2005; Holzbaur et al., 2005; Karlsson and Peterson, 1992;
Terrier et al., 2010; van der Helm, 1994), or 3) use forward dynamics
with electromyography (EMG) measurements as input (Langenderfer
et al., 2005; Laursen et al., 1998; Terrier et al., 2008).).
rights reserved.Numerical shoulder models have already been used to analyze
and improve TSA (Couteau et al., 2001; Gupta et al., 2004; Hopkins
et al., 2007; Lacroix et al., 2000; Terrier et al., 2009). In particular,
the problem of rotator cuff tears or muscle deﬁciencies has also
been investigated with numerical tools. Because of their stabilizing
function, deﬁciencies of the rotator cuff muscles are associated
with glenohumeral instability and loosening of the glenoid compo-
nent (Franklin et al., 1988; Moeckel et al., 1993; Wirth and
Rockwood, 1996). The effect of rotator cuff tears on glenohumeral
stability has been evaluated using an inverse dynamics model
(Steenbrink et al., 2009). The authors reported that massive cuff
tears beyond the supraspinatus induced an eccentric reaction force
and thus joint instability. The humeral head migration was however
not evaluated in this study. In another paper, an EMG-driven model
predicted an increased superior migration of the humeral head
when the supraspinatus muscle was deﬁcient (Terrier et al., 2007).
This EMG-driven model was however using constant muscular
force ratios, which limit its application to symmetrical muscular
deﬁciencies.
Therefore, the aim of this work was to test the hypothesis that a
deﬁciency of the SC muscle after TSA can reduce the glenohumeral
stability. To test this hypothesis, we have developed an EMG-driven
musculoskeletal model of the glenohumeral joint, which allows hu-
meral head translation. We have predicted muscle forces, joint
force, humeral head translation and joint contact pattern. The latter
two quantities were related to glenohumeral joint stability.
Table 1
Muscle properties of the model. LOPT, LSL and A are the optimal muscle length, the ten-
don slack length, and the physiological cross section area (Gollapudi and Lin, 2009; Hill,
1938; Langenderfer et al., 2004; Zajac, 1989).
MD AD PD SS SC IS
LOPT [mm] 107.2 107.1 150.2 67.3 104.3 88.1
LSL [mm] 12.8 21.5 33.1 24.4 29.5 42.0
A [cm2] 7.39 5.46 4.69 3.36 9.49 8.34
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We developed an optimization module for an existing musculo-
skeletal model of the glenohumeral joint allowing gleno-humeral
translations (Terrier et al., 2008). This optimization module mini-
mizes the difference between experimentally measured muscular ac-
tivities and predicted ones. This updated model was used to analyze
the effect of a deﬁciency of the SC muscle after TSA, during a move-
ment of arm elevation in the plane of the scapula.
We used an existing musculoskeletal model to get moment arms
and to predict the glenohumeral stability (Terrier et al., 2008). This
model was built from a cadaveric shoulder without any sign of pa-
thology. Bone geometry was obtained after segmentation (www.
visageimaging.com) and surface reconstruction (www.geomagic.
com) of computed tomography (CT) images. Muscle origins and
insertions were obtained at dissection. This model includes the scap-
ula, humerus and six scapulo-humeral muscles: middle deltoid
(MD), anterior deltoid (AD), posterior deltoid (PD), supraspinatus
(SS), subscapularis (SC) and infraspinatus combined with teres
minoris (IS). Each muscle was modeled as a passive deformable
part that could wrap around the humerus, and an active part that
contained the contraction force. The IS and SC muscles were divided
into three contributions of equal cross-sections and scapular origins
evenly distributed on the attachment zone. The stabilization of hu-
meral head into the glenoid fossa was achieved by the wrapping of
the muscles around the humeral head and by the glenohumeral con-
tact surfaces. This method allowed the natural translation of the hu-
meral head into the glenoid surface. The movement of abduction on
the scapular plane was controlled by an imposed shortening of the
MD associated with a feedback algorithm, which continuously sets
muscle forces according to predeﬁned muscular force ratios. The
scapulo-humeral rhythm was estimated from experimental mea-
surements (McClure et al., 2001), ﬁtted with a continuous polynomi-
al function. The arm weight was 37.5 N, corresponding to 5% of the
bodyweight (750 N). The movement was realized without and
with an additional weight of 10 N in the hand. The model was
implemented in Abaqus version 6.9 (www.simulia.com). The feed-
back algorithm was implemented as a Fortran user subroutine with-
in Abaqus.
The optimization module solved the quasi-static equations of me-
chanical equilibrium of the joint.
∑iri  Fi þ∑ere  Fe ¼ 0 ð1Þ
where ri and Fi are respectively the moment arms and forces of the
muscles, and Fe and re are external forces and associated moment
arms, such as arm weight or additional hand load. The amplitude of
the muscle forces, Fi, was related to muscle activation through the fol-
lowing Hill model (Zajac, 1989)
Fi ¼ kai f lið ÞAi ð2Þ
where k is the Fick constant, ai is the activation, f(li) is the isometric
force–length relationship, and Ai is the physiological cross section area
(PCSA) of each muscle i. Without loss of generality, the muscle forces
were normalized to the MD force
F˜ i ¼
Fi
FMD
¼ a˜i
f li Ai
f MD AMD
ð3Þ
where ãi=ai/aMD is the normalized muscle activity.
Assuming known direction and moment arm of muscular forces,
Eq. (1) is indeterminate when more than 3 muscles are included.
This indeterminacy, was solved by minimizing the function
G ¼∑i a˜i−aið Þ2 ð4Þwhere āi is a normalized experimental activation. The minimization
was constrained by 2 conditions
P a˜i; li; ri;dið Þ ¼ 0 ð5Þ
a˜i
> 0: ð6Þ
The ﬁrst corresponds to the projection P of the angular momen-
tum equations (Eq. (1)) into the vertical plane of motion. The external
forces (vertical weight) were thus excluded from P. The second guar-
antees a positive relative activation ãi.
The experimental normalized activity āi was derived from EMG
measurements (Kronberg et al., 1990). These experimental EMG mea-
surements were performed on 10 healthy volunteers at 0, 30, 60, 90,
120 and 150° of abduction in the frontal plane. The original EMG mea-
surements were normalized to the measured EMG of the middle del-
toid. A piecework continuous polynomial function (cubic spline) was
then ﬁtted on the normalized EMG measurements, to get a continuous
experimental normalized activation āi. The muscle parameters intro-
duced in Eq. (2) were adapted from the literature (Table 1).
The musculoskeletal model provided the moment arms ri, the
force direction di, and the muscle length li. During the quasi-static
abduction of the arm, the optimization algorithmwas thus fully inte-
grated as a Fortran subroutine into the iterative solver of Abaqus. The
integration of the optimization algorithm into Abaqus guaranteed
the mechanical equilibrium of the joint and the optimization of the
criteria at each converged iteration of the iterative solving process.
The FE solver used variable angle increments to perform armmotion.
For each increment, several iterations might be required to solve the
non-linear problem. For each iteration, the solver builds the stiffness
matrix. This matrix is partly composed of the muscle elements. Dur-
ing this process, the FE solver calls the optimization algorithm, which
is a Fortran user-deﬁned element (UEL) subroutine. This subroutine
also calls different other subroutines and controls the muscle syn-
chronization (Fig. 1). The muscle moment arms and length are calcu-
lated, to perform the constrained minimization of Eqs. (5) and (6).
This gives the muscular ratios, which can be used to predict the mus-
cular force. The force and length variation of the muscles can be
obtained to build their contribution to the stiffness matrix. An alge-
braic form was already obtained for this contribution to the stiffness
matrix (Terrier et al., 2008). The polynomial ﬁt to experimental data
was achieved by CUBSPL and PPVALU functions of the PPPACK library
(www.netlib.org/pppack). The solving of the constrained optimiza-
tion was achieved by DBOCLS function of the DQED library (www.
netlib.org/opt).
The Aequalis prosthesis (Tornier, Inc., Edina, MN, USA) was posi-
tioned in the numericalmodel by a senior orthopedic surgeon according
to the manufacturer recommendations. The humeral head component
radius was 24 mm and the glenoid component radius of curvature
was 30 mm. The polyethylene glenoid component was assumed elastic
(E=500 MPa, ν=0.4), and the metallic humeral head and bone were
considered rigid.
The model was ﬁrst tested with a normal muscular function, with-
out and with 10 N in the hand. Then, two cases were compared: TSA
with a normal muscular function and TSA with a deﬁciency of the SC.
For this comparison, 10 N was added in the hand. We simulated the
Fig. 1. The optimization algorithmwas implementedwithin the FE solver as a Fortran user-deﬁned element (UEL) subroutine. FE solver provides length andmoment arms of muscles for
the constrained minimization, which ﬁnally returns muscular forces to build the FE stiffness matrix. The subroutine is called at each iteration of the non-linear FE solver.
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We evaluated the muscle forces, the joint force, the humeral transla-
tion, and the glenohumeral contact pattern.
3. Results
With a normalmuscular function and no additional load in the hand,
the maximal forces of the MD, AD, PD, SS, SC, and IS were respectively
226, 99, 74, 72, 88 and 94 N. The joint force reached 567 N at 83° of ab-
duction (Fig. 2). With an additional weight of 10 N in the hand, the
muscle and glenohumeral forces increased by 57%.
In the case of 50% SC deﬁciency, the maximal force of SC was re-
duced by 43% (Fig. 3). It also induced a decrease of 26% of the IS
force, but an overall increase of the MD, AD, PD and SS of 6%. TheG
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Fig. 2. Glenohumeral (GH) reaction force during abduction,with healthy SC and no load in
the hand (healthy SC/0 N), with healthy SC and 10 N in the hand (healthy SC/10 N), and
with deﬁcient SC and 10 N in the hand (deﬁcient SC/10 N).maximal glenohumeral force on the glenoid was 4% lower and was
oriented in a more postero-superior direction.
With a normal muscular function, the humeral head translation
was about 3 mm and mainly directed upward (Fig. 4). The contact
pattern followed an up and down movement (Fig. 3). The average
and local pressure on the glenoid component reached 8 and 18 MPa
respectively. An additional weight of 10 N in the hand had little effect
on the humerus translation (0.15 mm), but the average and local con-
tact pressure increased by 20% and 26% respectively.
A deﬁciency of the SC muscle increased the displacement of the
humeral head by 0.5 mm in the superior direction, and by 0.1 mm
in the posterior direction. The contact pattern was more eccentric
(postero-superior) and smaller (54 mm2 vs. 57 mm2). The average
and local contact pressure decreased by 2%.
4. Discussion
Anterior approaches for TSA can produce a dysfunction of the
subscapularis muscle. We tested here the hypothesis that this deﬁcien-
cy can induce a glenohumeral joint instability. To test this hypothesis,
we developed an EMG-driven model that minimizes the difference be-
tween measured and predicted muscular activities. The joint stability
was achieved by the muscles, which allowed the natural translation of
the humeral head. This feature was critical to analyze the effect of rota-
tor cuff deﬁciency on joint stability after TSA. The numerical model pre-
dicted that a deﬁcient subscapularis resulted not only in a lower
subscapularis force, but also in a lower infraspinatus force and higher
forces in themiddle deltoid and anterior deltoid. This pathological mus-
cular function reduced the joint stability, and increased the humeral
head migration and the contact pressure on the glenoid component.
This EMG-driven model predicted muscular forces that best match
relative muscular activities measured experimentally on 6 scapulo-
humeral muscles. With a healthy SC, the additional weight of 10 N in
the hand induced higher muscle and joint forces, but did not change
the translation of the humeral head. To simulate an atrophied SC mus-
cle, its PCSA was reduced by 50%. The SC force was however only
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Fig. 3.Muscle forces (left) and contact pressure on the glenoid component (right) every 30° of abduction, with healthy SC and 10 N in the hand (healthy SC), and with deﬁcient SC
and 10 N in the hand (deﬁcient SC).
149A. Terrier et al. / Clinical Biomechanics 28 (2013) 146–150reduced by 43%. The optimization algorithm actually predicted a higher
SCmuscle activity to compensate for the PCSA decrease. The decrease of
the SC force induced a balanced decrease of the IS force to avoid a torque
that would induce out of plane elevation of the arm. The loss of eleva-
tion torque related to SC and IS force decrease was balanced by a force
increase of the other muscles, mainly the MD, AD, PD, and SS. Globally,
this produced to a more vertical resultant force on the humerus. TheA-
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Fig. 4. Antero-posterior (left) and infero-superior (right) translation of the humeral
head during abduction, with healthy SC and 10 N in the hand (healthy SC), and with
deﬁcient SC and 10 N in the hand (deﬁcient SC).more eccentric contact trajectory towards the posterior–superior edge
of the implant resulted in a slightly smaller contact area. Since the deﬁ-
ciency of the SC also slightly decreased the reaction force, the effect on
the contact pressurewas negligible. Themusclemoment armswere not
presented here, as they were the same as with a preliminary model
(Terrier et al., 2007).
Compared to other musculoskeletal models, the present method
predicted higher joint reaction forces than optimization based models
but similar to EMG-drivenmodels. As an indirect validation, the present
results compared well with in vivo measurements (Bergmann et al.,
2007). At 45 and 75° of abduction, the measured glenohumeral force
was 51% and 85% of the body weight, which indeed correspond well
with our predictions (63% and 76%of 750 N assumed in this study). Pre-
vious numerical work relating SC deﬁciency and glenohumeral stability
also predicted a more supero-posterior direction of the reaction force
(Steenbrink et al., 2009), which is consistent with the eccentric contact
pattern shown by our model. With a normal muscle function, the natu-
ral humeral head translation has been reported to be in the range from
1 mm to 5 mm (Deutsch et al., 1996; Graichen et al., 2000; Kelkar et al.,
2001; Wuelker et al., 1994; Yamaguchi et al., 2000). A higher humeral
head translation has already been related to deﬁcient rotator cuff mus-
culature. In vitro biomechanical models (Kelkar et al., 2001; Konrad et
al., 2006; Mura et al., 2003; Wuelker et al., 1994) and in vivo studies
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showed similar results as the ones predicted here.
The main strength of this model is its ability to replicate the muscu-
lar stabilization of the joint, allowing the natural translation of the hu-
meral head. An iterative process simultaneously calculated the muscle
forces required for the motor and stabilizing action. Relative activity
and forces were used to extrapolate EMG measurements to different
loading amplitudes, assuming that the activity pattern remains the
samewhen the movement is the same. This is actually the main limita-
tion of the presentmodel,which indeed requires EMGdata for a speciﬁc
movement. The EMGwas measured during an abduction movement in
the frontal plane, while we are simulating a movement in the scapular
plane. However, according to another EMG experimental study, we as-
sumed that the muscle activation patterns are rather similar for these
two planes of elevation (Ringelberg, 1985). Moreover, the muscle
force ratios for the deﬁcient SC case were calculated with the same
healthy EMG data. Ideally EMG data from deﬁcient SC subjects would
be desirable, however, as a ﬁrst approximation, and since only a 50%
SC deﬁciency was simulated, we assumed that healthy EMG data
could be used. This approximation was supported by an EMG study
comparing healthy subjects to rotator cuff tear patients and reporting
no signiﬁcant differences in inter-muscular coordination (Hawkes et
al., 2012). We associated muscular deﬁciency with PCSA, as suggested
by clinical observations (De Wilde et al., 2012; Goutallier et al., 1994).
The PCSA decrease was set to 50% as a ﬁrst estimate, but in a next step
this value will be measured directly on the patient CT.
5. Conclusion
The model conﬁrms the hypothesis that a deﬁcient SC muscle can
reduce the long-term stability of the glenoid component after TSA.
The loss of stability induces the “rocking horse” effect that can lead
to a progressive loosening of the glenoid component. This study con-
ﬁrms that a particular attention must be paid to repair strongly the
subscapularis tendon after TSA. Moreover this type of implants
should probably not be used in subscapularis deﬁcient shoulders.
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